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2 intermediate, designated I. It was further concluded that the two N-atoms of N 2 are hydrogenated alternately ("Alternating" (A) pathway). In the present work, Q-band CW EPR and 95 Mo ESEEM spectroscopy reveal such samples also contain a common intermediate with FeMo-co in an integer-spin state having a ground-state "non-Kramers" doublet. This species, designated H, has been characterized by ESEEM spectroscopy using a combination of 14, 15 N isotopologs plus 1,2 H isotopologs of methyldiazene. It is concluded that: H has NH 2 bound to FeMo-co and corresponds to the penultimate intermediate of N 2 hydrogenation, the state formed after the accumulation of seven electrons/ protons and the release of the first NH 3 ; I corresponds to the final intermediate in N 2 reduction, the state formed after accumulation of eight electrons/protons, with NH 3 still bound to FeMo-co prior to release and regeneration of resting-state FeMo-co. A proposed unification of the Lowe-Thorneley kinetic model with the "prompt" alternating reaction pathway represents a draft mechanism for N 2 reduction by nitrogenase.
EPR | ESEEM | non-Kramers N itrogen fixation-the reduction of N 2 to two NH 3 molecules -is catalyzed by the enzyme nitrogenase according to the limiting stoichiometry (1, 2) :
The Mo-dependent enzyme studied here (2-4) consists of two component proteins, denoted the Fe protein and the MoFe protein. The former delivers electrons one-at-a-time to the MoFe protein, where they are utilized at the active site iron-molybdenum cofactor ([7Fe-9S-Mo-C-R-homocitrate]; FeMo-co) to reduce substrate (2, 3) . In the Lowe-Thorneley (LT) kinetic scheme for N 2 reduction by nitrogenase (2, 5, 6) , the eight steps of electron/proton delivery implied by Eq. 1 are denoted E n , where n ¼ 0 to 8, with E 0 representing the resting-state enzyme. It is known that N 2 binds only after the MoFe protein accumulates three or four electrons (E 3 or E 4 states), with N 2 reduction then proceeding along a reaction pathway that comprises the sequence of intermediate states generated as N 2 bound to FeMo-co undergoes six steps of hydrogenation (e − ∕H þ delivery to substrate) (1) (2) (3) (4) 7) . Recently, we concluded that nitrogenase follows an "alternating" (A) reaction pathway, in which the two N's are hydrogenated alternately, with a hydrazine-bound intermediate formed after four steps of hydrogenation, and with cleavage of the hydrazine N-N bond and liberation of the first NH 3 only at the fifth hydrogenation step (8) . However, this conclusion left many questions unresolved, in particular the correspondence between intermediates formed along the reaction pathway and the LT kinetic scheme for the accumulation of eight reducing equivalents during catalysis.
Intermediates formed during turnover have been trapped by freeze-quench methods and studied by paramagnetic resonance techniques. The resting-state FeMo-co of E 0 exhibits an EPRactive, S ¼ 3 2 spin state. When nitrogenase is freeze-quenched during turnover, the resting-state EPR spectrum partially or fully disappears as FeMo-cofactor accumulates electrons. Accumulation of an even number of electrons generates E n , n ¼ even, intermediates with EPR-active, odd-electron (half-integer spin; Kramers) FeMo-co states (S ¼ 1 2 ; 3 2 ) (3, 4). Such states have been observed upon freeze-quench of wild-type and amino-acid substituted MoFe proteins during turnover with a variety of different substrates (3, 4) . However, the signals from Kramers forms of FeMo-co in the quenched samples never quantitate to the total FeMo-co present, indicating that apparently EPR-silent states of FeMo-co must also exist. These silent MoFe protein states contain FeMo-co with an even number of electrons, and correspond to E n , n ¼ odd (n ¼ 2m þ 1, m ¼ 0-3) intermediates in the LT scheme. These quenched samples may include states with diamagnetic FeMo-co, but Mössbauer studies indicated the presence of reduced FeMo-co in integer-spin (S ¼ 1; 2, . . . . . ), "non-Kramers (NK)" states (9) . Although NK-EPR signals at conventional microwave frequencies are well known for other enzymes (10, 11) , until now, no EPR signal from an integer-spin form of FeMo-co has been detected.
Recently, rapid freezing during turnover of a doubly-substituted nitrogenase MoFe protein (α-70 Val→Ala , α-195 His→Gln ), which favors reduction of large nitrogenous substrates (3, 4) , with diazene, methyldiazene (HN¼N-CH 3 ), or hydrazine as substrate was shown to trap a common S ¼ Here, Q-band CW EPR and 95 Mo ESEEM (electron spin-echo envelope modulation) spectroscopy reveal that these samples also contain a second common intermediate, denoted H, one that is observed in which FeMo-co is in an EPR-active integerspin state with a ground-state NK doublet. The NK-EPR signal in samples prepared with 95 Mo-enriched FeMo-co and with 14;15 N-enriched substrates has been studied by pulsed-EPR measurements of the nuclear modulation of the electron spin-echo (ESE) amplitude, denoted NK-ESEEM (12) . These measurements allow us to infer the state of the N-N bond in H and the relationship of H to intermediate, I. Most importantly, the analysis allows us to assign the correspondence of both intermediates with specific E n states, and to infer how the hydrogenated To whom correspondence should be addressed. E-mail:bmh@northwestern.edu.
www.pnas.org/cgi/doi/10.1073/pnas.1202197109reaction intermediates, diazene and hydrazine, join the N 2 reduction pathway. These conclusions integrate the sequence of N 2 reduction intermediates (the reaction "pathway") with the LT kinetic scheme for the accumulation of the eight reducing equivalents (and protons), thereby generating a draft mechanism for nitrogen fixation by nitrogenase.
Results
The EPR spectra of the doubly substituted α-70
Val→Ala , α-195 His→Gln MoFe protein trapped during turnover in the presence of hydrazine, diazene, and methyldiazene show a significant loss of the S ¼ (Fig. 1) . Recent 1 H, 14;15 N ENDOR and HYSCORE spectroscopic experiments demonstrated that I represents a late stage of nitrogen fixation, when the first ammonia molecule already has been released (8) , and only a [NH x ] (x ¼ 2 or 3) fragment of substrate is bound to FeMo-co (8) .
We here note that samples freeze-trapped during turnover with all three substrates also show an additional broad EPR signal at low field in Q-band spectra collected at a temperature of 2 K (Fig. 1 ). This signal begins near zero-field and extends beyond 5,000 G, where the signals from S ¼ 3 2 FeMo-co in both resting state and trapped high-spin intermediates (13) appear. The low-field signal arises from an integer-spin system (S ≥ 2) (10) that exhibits a ground-state non-Kramers doublet that is split in zero applied field by an energy, hΔ (h, Planck's constant) (14) , in the range of the microwave quantum, υ e ¼ 35 GHz; the breadth of the signal indicates that Δ exhibits a considerable distribution in values.
ESEEM can be used to characterize a non-Kramers doublet (NK-ESEEM) (15); we begin by discussing the ESEEM timewaves. Fig. 2A presents representative 35 GHz (2 K) three-pulse NK-ESEEM time-waves collected at several relatively low fields from the nitrogenase NK intermediates generated with isotopologs of the three substrates. The electron spin-echo (ESE) amplitude from the NK intermediates is maximum at zero applied magnetic field (B) and decreases very slowly with increasing field, being observable at all fields up to approximately 5;000 G, where signals from S ¼ 3 2 FeMo-co begin. This slow decrease of echo intensity with field contrasts sharply with the rapid decrease for carboxylate-bridged di-ferrous centers (S ¼ 4), where the echo (at X band) vanished by approximately 100 G (16). As illustrated in Fig. 2A , Left (Upper), at the lowest applied magnetic field (B ¼ 18 G) none of the nitrogenase intermediates show nuclear modulation of the ESE envelope. As the field is increased, nuclear modulation from protons first appears (B ¼ 296 G), then modulation associated with hyperfine-coupled 14 N (B ¼ 362 G). The appearance of modulation with increasing field reflects the fact that at zero applied field the electron and nuclear spins are uncoupled and so there can be no ESE modulation. Application of a field establishes the coupling and introduces modulation, with a depth that increases quadratically with B (15) .
As illustrated in Fig. 2A Fig. 1 from the P cluster further indicates that all electrons delivered to MoFe protein of H during turnover reside on FeMo-co.
The "turn-on" of nuclear modulation for H with applied field is quite gradual in comparison with that observed for the carboxylate-bridged diiron centers (16) . In addition to the hyperfine coupling and g-value along the unique magnetic axis of the center, A jj and g jj , there are three factors that influence the field dependence of the modulation depth (15) . First, the earlier diiron center measurements were performed at X band (v e ∼ 9 GHz), whereas the present ones employ a fourfold higher frequency (v e ∼ 35 GHz). According to our analysis (15) , this causes a fourfold decrease in the rate at which the effective hyperfine coupling (Ã eff ) and thus the modulations increases with field. Second, the earlier measurements were performed with the microwave field parallel to the external field, whereas the current ones are performed in perpendicular mode, which requires a roughly threefold higher field to achieve the sameÃ eff (17) . Finally, the diiron centers exhibit a total spin state S ¼ 4 (16); assigning intermediate H a total spin of S ¼ 2 would further lower the rate at which A eff increases with field by an additional factor of four (15) . This value of S for H is supported by the finding from Q-band EPR spectroscopy (Fig. 1) 3 indicates that the N-N bond has been cleaved prior to the formation of H, which thus contains an NH x fragment bound to FeMo-co. This conclusion parallels the conclusion that the common S ¼ 1 2 intermediate, I, formed during turnover with the same substrates (see Fig. 1 ) likewise is formed after the first ammonia is released.
To characterize the NH x substrate fragment of H, frequencydomain NK-ESEEM spectra were obtained by Fourier transform of the time-waves. At low applied fields the electron-nuclear coupling for 14 N (I ¼ 1) is effective in introducing ESEEM, but the effects of hyperfine couplings on the frequency-domain spectrum are small, and a 14 N frequency spectrum exhibits transitions at the three pure nuclear-quadrupole frequencies, denoted (v þ >v − >v 0 ;v þ ¼v − þv 0 ), with relative intensities determined by the relative orientations of the quadrupole and zero-field splitting tensors (15) . The frequencies yield the quadrupole coupling constant, e 2 qQ∕h and asymmetry parameter, η (usual symbols). In contrast, the low-field measurements of nuclei with I ¼ Fig. 2A, Right, 2B) , the 14 N quadrupole peaks are abolished in the NK-ESEEM spectra of H prepared with 15 N 2 H 2 , and replaced by a single peak at the 15 N Larmor frequency (Fig. 2B) . As the frequencies of the three peaks obey the relationship, v þ ¼v − þv 0 , there are two options for the frequency of the unobserved peak: 1.21 and 2.63 MHz. This peak could go unobserved either because it lies at 1.21 MHz, where features presumed to arise from the molybdenum isotopes with nonzero nuclear spin could obscure the 14 N signal, or because the relative orientation of quadrupole and zero-field splitting tensors causes it to have negligible intensity (15 The frequency-domain NK-ESEEM spectra obtained from H prepared with 95 Mo-enriched α-70 Val→Ala , α-195 His→Gln MoFe protein give information about the environment of the molybdenum of FeMo-co in that intermediate. Fig. 2C shows that 95 Mo enrichment introduces a doublet centered at approximately 0.3 MHz in the low-field spectrum, as well as an additional, unresolved broad signal between one and two MHz at higher fields. As the doublet is barely observable in the natural-abundance samples and the broad signal is not seen, the new signals arise from 95 Mo of FeMo-co. Although the 14 N signal is not detectable below 250 G, the 95 Mo signal clearly is present in spectrum at 150 G, and likely could be detected even at lower fields but for overlap with the strong 1 H signal. This difference can be explained by a larger hyperfine coupling to 95 Mo in comparison with 14 N (15), combined with differences in the dependence of the spectrum on magnetic field for nuclei with I ¼ 5 2 ( 95 Mo) and I ¼ 1 ( 14 N) that will be discussed elsewhere.
The low-frequency 95 Mo doublet observed is provisionally assigned to two pure-quadrupole transitions. The quadrupole interaction of a 95 Mo (I ¼ 5 2 ) in zero applied field splits the 2I þ 1 ¼ 6 m I sublevels into three doublets for each electronspin manifold. As with 14 N (I ¼ 1), this yields three pure-nuclear quadrupole transitions, which we denote asv 3 >v 2 >v 1 . Matrix diagonalization of the full electron-nuclear Hamiltonian and examination of the calculated modulation depth parameters (12) suggests that the highest frequency peak,v 3 will generally be of low intensity, so we further assign the observed doublet as v 1 ∼ 0.2 MHz,v 2 ∼ 0.35 MHz. This assignment yields, e 2 qQ∕ h ∼ 1.2 MHz, η ∼ 0.2, values comparable to those found for ðM þ Þ 2 ðMoO 4 Þ salts (18) . The higher-frequency feature seen at higher field presumably arises through the influence of the larger 95 Mo hyperfine interaction and nuclear spin.
Discussion
The key experimental findings of this report can be summarized as follows. indicates that H is formed after cleavage of the N-N bond of N 2 H 4 bound to FeMo-co and loss of NH 3 . Quadrupole coupling parameters for this cofactorbound NH x fragment indicate it is not NH 3 , whose threefold symmetry would yield η ∼ 0, and thus must be NH 2 .
With these findings, it is possible to propose a complete unification of reaction pathway and LT scheme. In the LT scheme the MoFe protein is optimally activated for N 2 binding at the E 4 stage, in which MoFe protein has accumulated four reducing equivalents and four protons. Our studies (19) further show that the four reducing equivalents of E 4 exist in the form of two (Fe-bridging) hydrides, presumably with an additional two protons bound to sulfide (20) . As illustrated, in Fig. 3 , N 2 binding to FeMo-co of E 4 is accompanied by the loss of two reducing equivalents and two protons as H 2 (Eq. 1), leaving FeMo-co activated by two reducing equivalents and two protons, presumably in the form of one hydride and one proton.
Recently, we concluded that the subsequent catalytic stages follow an "Alternating" (A) pathway, in which the two N atoms of N 2 are hydrogenated alternately and the first NH 3 is released after N 2 has been hydrogenated five times (Fig. 3) , rather than a "Distal" pathway in which a specific nitrogen of N 2 is hydrogenated three times, then released as NH 3 . We also noted (4) that the A pathway offers multiple ways to deal with the two reducing equivalents that remain on FeMo-co after N 2 binding. In the "Prompt" (P) pathway, when N 2 binds to FeMo-co it is "nailed down" by prompt hydrogenation, Fig. 3, with N 2 binding, H 2 loss, and reduction to diazene all occurring at the E 4 kinetic stage of the LT scheme. In the "Late" (L) model, the two reducing equivalents associated with FeMo-co after N 2 binding are delivered to substrate after one or more steps of hydrogenation. In the limiting version of Fig. 3 , this comes after hydrazine is formed. This only occurs at the final, E 8 kinetic stage of the LT scheme, and in this case N-N bond cleavage and release of the first NH 3 , followed by conversion of the remaining bound NH 2 to NH 3 and its release all occur at E 8 . Thus, as illustrated, a given state of N 2 hydrogenation can correspond to a different E n state along the two A pathway branches.
The present results establish the identities of H and I, as well as their correspondence with E n states along the P pathway of Fig. 3 , while unambiguously ruling out the limiting version of the L pathway. (i) As the same intermediate H is formed during turnover with the two diazenes and with hydrazine, the diazenes must have catalytically "caught up" to hydrazine, and H must occur at or after the appearance of a hydrazine-bound intermediate.
(ii) As noted above, H contains FeMo-co in an integer-spin (NK) state, and thus corresponds to an E n state with n ¼ odd. As H is a common intermediate that contains a bound fragment of substrate, it must therefore correspond to E 5 or E 7 . But H cannot be either E 5 or E 7 on the L path or E 5 on the P pathway, for they all come before hydrazine appears (Fig. 3) . Indeed, in the L pathway of Fig. 3 , the MoFe protein is in the E 8 state at the binding of hydrazine and after, and thus FeMo-co is in a Kramers (halfinteger-spin; odd-electron) spin state. As a result, no state on this pathway can correspond with the non-Kramers intermediate, H. (iii) We are left to conclude that H corresponds to the ½NH 2 − -bound intermediate formed by N-N bond cleavage at the E 7 stage on the P pathway. By parallel arguments, the only possible assignment for the S ¼ 1 2 state I, which we showed earlier to occur after N-N bond cleavage (8) , is as E 8 : I must correspond to the final state in the catalytic process (Fig. 3) , in which the NH 3 product is bound to FeMo-co at its resting oxidation state, prior to release and regeneration of the resting-state form of the cofactor.
Although the above discussion focuses on the limiting version of the L pathway, the stabilization of bound substrate by prompt hydrogenation along the P pathway for N 2 reduction and the respective correspondences of H and I with E 7 and E 8 of this pathway greatly favor it over a version of the L pathway in which the reducing equivalents from E 4 are transferred to substrate at an intermediate stage of substrate reduction, E 5-7 (Fig. 3) . The trapping of a product-bound intermediate I is analogous to the trapping of a bioorganometallic intermediate during turnover of the α-70
Val→Ala MoFe protein with the alkyne, propargyl alcohol; this intermediate was shown to bind the allyl alcohol alkene product of reduction (21) .
A final mechanistic question to be addressed is: how do the hydrogenated reaction intermediates, diazene and hydrazine, join the N 2 reduction pathway? Key to this issue is the finding that H 2 inhibits the reduction of diazene (22) , but not hydrazine (23) . We take that to mean that H 2 and diazene bind competitively, as do H 2 and N 2 (2, 5, 6) , but that this is not the case for hydrazine. Provisionally, we further take the simplest view, that under turnover, diazene and hydrazine each join the N 2 reduction pathway at their own characteristic entry point, and then proceed to generate both H and I. These two assumptions alone lead to the scheme of Fig. 4 . In this scheme, diazene binds to E 2 with the release of H 2 , and enters the N 2 pathway as the final form of the E 4 state. In contrast, N 2 H 4 instead binds to E 1 , as is proposed for another two-electron substrate, C 2 H 2 (2, 5, 6), and joins the N 2 pathway at a stage corresponding to E 7 in the N 2 reduction scheme. The proposed identification of nitrogenous intermediate states H and I and their correlation with LT stages E 7 and E 8 , plus their incorporation in the "Prompt-Alternating" pathway of Fig. 3 , represent a unification of the nitrogenase reaction pathway and the LT kinetic scheme into a draft mechanism for N 2 reduction by nitrogenase. We view this scheme as a "draft" because of the numerous additional questions it poses. Among the key issues are the electron/proton "inventory" that relates the redox levels of the substrate and metal-ion core, along with the site of protonation, in individual E n states subsequent to N 2 binding. For example, consider reduction of N 2 to diazene at the E 4 stage. This is shown as occurring by hydride transfer followed by protonation, but there are other alternatives. Likewise, it is postulated in Fig. 3 that E 5 contains a diazenido ligand, yet there are alternative ways to form this species, as well as other formulations of that intermediate. Framed differently, the LT scheme focuses on stable intermediates, and a full mechanism would include any transient states formed on the way to such intermediates.
Materials and Methods
Sample preparation followed freeze-quench procedures previously described (22, 24, 25) ; the 35 GHz CW (26) and pulsed (27) EPR spectrometers also have been described. Fourier transforms were performed with Bruker software, Win-EPR.
